The conformational changes within single HIV-1 Gag molecules that occur during assembly into immature viruses are poorly understood. Using an in vitro assembly assay, it has been proposed that HIV-1 Gag undergoes a conformational transition from a compact conformation in solution to an extended rod-like conformation in virus-like particles (VLPs). Here we used singlemolecule Förster resonance energy transfer (smFRET) to test this model by directly probing the conformation of single HIV-1 Gag molecules. We demonstrate that monomeric HIV-1 Gag lacking the p6 domain and the N-terminal myristoyl moiety is found in solution predominantly in a compact conformation. Gag in this conformation, and in the presence of nucleic acid, assembles into 30-nm-diameter particles. However, with the addition of inositol hexakisphosphate, Gag adopts a linear conformation and assembles into full-sized ϳ100-to-150-nm-diameter VLPs. Parallel fluorescence correlation spectroscopy measurements show that this conformational transition occurs early in the assembly process when Gag oligomers are small, perhaps as early as upon dimerization. Thus, smFRET measurements confirm that HIV-1 Gag transitions from a compact to a linear conformation during the formation of VLPs. Our results are consistent with a model whereby binding of HIV-1 Gag to phosphoinositides at the plasma membrane stabilizes an extended conformation and promotes oligomerization into the radially aligned immature capsid. 
T he replication of human immunodeficiency virus (HIV-1) requires the assembly of new virions at the plasma membrane of infected cells. Virus assembly is driven by the viral Gag polyprotein precursor that alone can form and release immature virus-like particles (VLPs) (1) (2) (3) (4) (5) (6) (7) . In the immature capsid, Gag proteins are aligned radially to form a spherical shell around a dimeric viral RNA genome. Gag is comprised of four main independently folded domains (1, (3) (4) (5) 8) . The N-terminal matrix (MA) domain targets Gag to the plasma membrane by way of a myristoyl modification and a basic patch of residues that interacts with phosphoinositides. The capsid (CA) domain drives multimerization through dimeric and hexameric interaction with neighboring Gag molecules, giving rise to a hexagonal lattice. The nucleocapsid (NC) domain contains a pair of zinc-knuckle motifs that recruit the dimeric genome. Finally, a C-terminal p6 peptide recruits the cellular endosomal sorting complexes required for transport (ESCRT) machinery, which promotes the final membrane scission event needed to release the assembled virus into the extracellular space.
The molecular events that underlie the assembly of individual Gag molecules into immature virus particles are poorly understood. To gain insights into these events, an in vitro assembly assay has been applied in which purified monomeric HIV-1 Gag assembles into VLPs in the presence of nucleic acid and inositol phosphate, which are the same size as authentic immature HIV-1 virions (9, 10) . Structural studies have shown that HIV-1 Gag lacking most of the matrix domain and the p6 domain assembles into VLPs with a Gag lattice that is identical to that of authentic immature virions (11, 12) . To more faithfully reflect the behavior of the full-length Gag protein that assembles into immature virions in vivo, the matrix protein was included in the present study. Given that the Gag protein used here is closer to authentic Gag than the protein studied structurally, we expect that the native lattice is maintained in the VLPs. Interestingly, Gag lacking the p6 domain and the N-terminal myristoyl moiety (Gag⌬myr⌬p6) in the presence of nucleic acid assembles into 30-nm-diameter spherical par-ticles (9) . And the presence of inositol hexakisphosphate (IP6) is required to form VLPs of the correct 100-to-150-nm-diameter size (10, 13, 14) . The interaction of MA with IP6 presumably mimics the interaction of Gag with the phosphoinositides found in the plasma membrane (14) (15) (16) (17) .
The observation of 30-and-100-nm-diameter particles indicates that HIV-1 Gag must be conformationally dynamic. Electron tomography has shown that Gag molecules are radially aligned in the immature virus particle in their fully extended ϳ20-nm-diameter conformation (12, 18) . Thus, the in vitro formation of small 30-nm-diameter particles in the absence of IP6 suggests that Gag can also assemble in an alternative, more compact conformation. Further biophysical characterizations of Gag have focused on a mutant form that is deficient in multimerization but which maintains other essential features of wild-type Gag (13) . Hydrodynamic and small-angle neutron scattering (SANS) experiments indicated that the mutant as well as wild-type Gag adopts a compact conformation in solution (13, 19) . Using the existing structures of the domains of Gag, structural models were developed which suggested a folded Gag conformation in which the N-terminal MA domain was proximal to the C-terminal NC domain (13) . These models depict a Gag conformation dramatically different from the extended linear structure observed in electron micrographs of the immature capsid. Thus, a large-scale conformational change in Gag appears to be critical during the formation of VLPs.
Here, we used confocal single-molecule Förster resonance energy transfer (smFRET) to directly probe the conformation of individual HIV-1 Gag molecules during in vitro assembly of VLPs. Parallel fluorescence correlation spectroscopy (FCS) measurements provided insight into the size of the assemblies. We show that monomeric HIV-1 Gag in solution exists in equilibrium between a compact conformation in which the N and C termini are proximal and an extended conformation, with the compact conformation being predominant. In this compact conformation, and in the presence of nucleic acid, Gag assembles into 30-nmdiameter particles. However, with the addition of inositol hexakisphosphate, Gag adopts a linear conformation and assembles into full-sized ϳ100-to 150-nm-diameter VLPs. FCS measurements show that the transition in Gag conformation from the compact state to the linear state occurs early in the assembly process while the oligomers remain small. Thus, smFRET measurements of conformational changes within single HIV-1 Gag molecules directly confirm a conformational change that is critical during the formation of VLPs. Our in vitro results are consistent with a model whereby binding of HIV-1 Gag molecules to phosphoinositides at the plasma membrane would stabilize an extended conformation and promote oligomerization into the immature capsid where Gag molecules are radially aligned.
MATERIALS AND METHODS
All reagents were purchased from Sigma unless otherwise noted.
Purification of Gag protein.
Wild-type HIV-1 Gag lacking the p6 domain was cloned into the pET11c vector (Novagen) (20) and expressed in Escherichia coli BL21(DE3) CodonPlus RIPL cells (Agilent Technologies) by growth to an optical density at 650 nm (OD 650 ) of 0.5 at 37°C followed by addition of 0.4 mM isopropyl-␤-D-1-thiogalactopyranoside and growth for an additional 4 h. Purification of overexpressed protein was performed as described previously (21) . To facilitate purification of the tagged Gag proteins during fluorescent labeling, a polyhistidine tag was introduced onto the N terminus through PCR, replacing the GARAS residues (Fig. 1A) . Enzymatic fluorescent labeling required the additional introduction of the S6 peptide onto the C terminus of Gag through PCR. For the introduction of a second fluorophore, the A1 peptide was inserted either onto the N terminus of Gag, immediately following the polyhistidine tag, or adjacent to the protease cleavage site between the MA and CA domains by overlap-extension PCR.
The modified Gag proteins were expressed as described for wild-type Gag. Cells from 1 liter of culture were lysed by the use of a French press in Purification Buffer (20 mM Tris-HCl [pH 8], 1 M NaCl, 10 mM ␤-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 10% glycerol, 1% Igepal CA-630) with 20 mM imidazole (pH 8). Gag was bound to 4 ml of nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen) preequilibrated in the same buffer. The column was washed with 12 ml of the same buffer, followed by washing with 12 ml Purification Buffer-50 mM imidazole (pH 8). Gag was eluted from the column in 0.5-ml fractions of Purification Buffer-300 mM imidazole (pH 8). The fractions containing protein were identified by Bradford Assay (Bio-Rad), pooled, frozen on liquid nitrogen, and stored at Ϫ80°C.
Fluorescent labeling of Gag. AlexaFluor488-maleimide and AlexaFluor594-maleimide were purchased from Invitrogen. The fluorophorecoenzyme A (CoA) conjugates (Alexa 488-CoA and Alexa 594-CoA) were prepared as described previously (22) . The C-terminal S6 peptide was labeled in a reaction mixture containing 1.5 M Gag-S6, 5 M Alexa 488-CoA, 1 M Sfp (a phosphopantetheinyl transferase from Bacillus subtilis), and Labeling Buffer (50 mM HEPES [pH 7.5], 10 mM MgCl 2 , 1 M NaCl, 1% glycerol, 0.1% Igepal CA-630). The reaction mixture was incubated at 37°C for 2 h. To purify Gag away from unbound fluorophore, the protein was bound to Ni-NTA resin equilibrated with Purification Buffer and washed with 8 column volumes of the same buffer. The protein was eluted from the column in Purification Buffer-300 mM imidazole (pH 8). Fractions containing labeled protein were identified by eye.
The A1 peptide, either at the N terminus or between the MA and CA domains, was labeled in a subsequent reaction mixture containing 1.5 M Gag(A488), 5 M Alexa 594-CoA, 1 M AcpS (a phosphopantetheinyl transferase from E. coli), and Labeling Buffer. The reaction mixture was incubated at 37°C for 2 h. Gag was purified away from unbound fluorophore exactly as before. The dually labeled protein was frozen on liquid nitrogen and stored at Ϫ80°C.
In the cases of the dually labeled Gag species, the absorbance of the labeled protein was measured at 280 nm, 495 nm, and 590 nm. The extinction coefficient at 280 nm (74,000 M Ϫ1 cm Ϫ1 ) and the molecular weight (MW ϭ 54,000) of the Gag protein were estimated using ProtParam. The extinction coefficients and molecular weights of the fluorophores were provided by the manufacturer. This information was used to estimate that approximately 50% of the donor-labeled protein lacked an acceptor.
Formation of VLPs. Full-sized VLPs were formed in a reaction mixture containing 2 M Gag, 0.5 M 25-nucleotide polyadenosine (polyA 25 ) DNA, 0.3 M IP6, and Assembly Buffer [20 mM Tris-HCl (pH 8), 100 mM NaCl, 10 M ZnSO 4 , 1 mM Tris(2-carboxyethyl)phosphineHCl]. The 30-nm-diameter particles were formed in the same reaction mixture but lacking IP6. For FCS experiments, 10 nM Gag(A488) was included in the assembly reactions. For smFRET experiments, 50 pM Gag(A488/A594) was included. In all cases, the reaction mixture was incubated at room temperature for 2 h prior to measurement. For measurements on monomeric Gag, fluorescently labeled Gag was diluted into Assembly Buffer to the appropriate concentration in the absence of nucleic acid or IP6.
Acquisition and analysis of FCS and smFRET. FCS and smFRET measurements were made on an Olympus IX-71 inverted microscope as described previously (23) . Alexa 488 was excited with a 488-nm-wavelength laser (Newport) focused into the solution containing the fluorescently labeled Gag. For FCS measurements, to minimize blinking of Alexa 488, the fluorophore was excited at 5 W laser power. The emitted fluo-rescence was transmitted through a 50-m-diameter multimode optical fiber to an avalanche photodiode (PerkinElmer).
Autocorrelation curves obtained from monomeric Gag(A488) were fitted to a model of a single diffusing species with an additional photophysical component:
where N is the number of fluorophores in the confocal detection volume, A is the fraction of molecules undergoing the photophysical process, P and D are the time scales of the photophysical and diffusive processes, respectively, and s parameterizes the dimensions of the detection volume. Autocorrelation curves obtained from all samples were fitted using the maximum entropy method (25) implemented in Matlab (Mathworks), similarly to that previously described (26) . The data were fitted to a model with a discrete distribution of diffusion times D,i :
Here, the ␣ i values are the amplitudes of the diffusion times and are chosen such that the entropy
is maximized and
is minimized. N is the number of data points being fitted in a given autocorrelation curve, and the r j values are the residuals of the fit. In the definition of entropy, the p i values are the normalized diffusion time weights, p i ϭ ␣ i /⌺␣ i . Further aspects of the optimization algorithm have been described in detail (25, 26) . From the resulting distribution of diffusion times, the weighted average was calculated according to ͗ D ͘ ϭ ⌺p i D i , which was used to calculate the diffusion constant and the hydrodynamic radius as described above.
For smFRET experiments, Alexa 488 was excited at 20 W laser power, and the emitted fluorescence was first split into donor and acceptor channels with a 585-nm-pore-size long-pass dichroic filter (Chroma) before being transmitted along parallel optical fibers to separate avalanche photodiodes. Photons were collected in 1-ms time bins. Bursts were identified by placing a threshold on the total photon count per bin. FRET efficiency was calculated according to FRET ϭ n acceptor /(n donor ϩ n acceptor ), where n acceptor and n donor are the numbers of photons per bin in the respective channels after accounting for direct excitation of the acceptor and channel cross talk (27) .
Cross-linking of Gag. VLP assembly reactions were initiated exactly as described above for smFRET and FCS measurements. At 5-min intervals, aliquots were removed from the reaction and cross-linked with 2 mM ethylene glycol bis(succinimidylsuccinate) (Thermo Scientific). The cross-linking reaction mixture was incubated for 10 min at room temperature, quenched with 20 mM Tris-HCl (pH 8), and frozen on liquid nitrogen. The cross-linked samples were thawed immediately prior to FCS and smFRET measurements.
RESULTS
Generation of fluorescently labeled Gag. smFRET methods are uniquely positioned to monitor the conformation of single HIV-1 Gag molecules during virus assembly. Single-molecule fluorescence methods depend on chemical or enzymatic strategies to introduce organic fluorophores into Gag. We therefore used the in vitro assembly assay, in which Gag⌬myr⌬p6 is incubated with nucleic acid and IP6 to assemble into immature HIV-1-like particles with a diameter of 100 to 150 nm (10) . Organic fluorophores were attached in a site-specific manner to purified Gag using an enzymatic fluorescent labeling strategy whereby 12-amino-acid peptides are recognized by phosphopantetheinyl transferases that transfer the pantetheinyl moiety of CoA to a serine residue in the peptide (28) . We therefore conjugated fluorophores to the pantetheinyl moiety of CoA and fused the 12-amino-acid S6 peptide (GDSLSWLLRLLN) to the C terminus of Gag. Incubation with Sfp resulted in the site-specific attachment of a fluorophore onto the C terminus of Gag (Fig. 1A) . Similarly, the 12-aminoacid A1 peptide (GDSLDMLEWSLM) fused to the N terminus of Gag, or inserted between MA and CA, allowed site-specific labeling using AcpS (Fig. 1A) .
Gag⌬myr⌬p6 carrying N and C-terminal labeling peptides was purified from E. coli and labeled at the C terminus with AlexaFluor488 [Gag(A488)]. Incubation of Gag(A488) with excess wild-type Gag and 25-nucleotide polyadenosine (polyA 25 ) DNA in the absence of IP6 led to the formation of particles that were sensitive to incubation with elevated salt or nuclease levels (Fig.  1B) . In contrast, in the additional presence of IP6, Gag assembled into particles that were resistant to salt and nuclease (Fig. 1B) . As anticipated, electron micrographs of the assembled particles confirmed that the two particles were morphologically different (10) . In the absence of IP6, particles were formed with a diameter of approximately 30 nm, whereas approximately 100-nm-diameter particles were formed in the presence of IP6 (Fig. 1C) . The conformity of these results with those on untagged Gag (10) indicate that the addition of the labeling peptides did not significantly change the assembly properties of Gag.
Diffusive properties of monomeric Gag and VLPs. We performed FCS measurements to assess the diffusive properties and homogeneity of monomeric Gag in solution. FCS measurements were made on a 10 nM solution of Gag(A488). The average autocorrelation curve from 30 repeats was fitted to a model of a single diffusing species with an additional term to account for fluorophore photophysics (Fig. 1D) (29) . This yielded a diffusion time of 1.05 ms, which equates to a hydrodynamic radius of 5.7 nm (see Materials and Methods for details of these calculations) ( Table 1) . This value is similar to although slightly larger than the hydrodynamic radius previously reported for a modified monomeric Gag (ϳ4-nm radius) (13) . The slight discrepancy is likely due to either the addition of the S6 peptide and the A488 fluorophore in the present study or the vastly different experimental methods utilized. In either case, this result indicates that, under the present conditions, the labeled Gag is not prone to aggregation and diffuses as a nearly homogeneous monomeric species. This was expected, given that the present experiments were performed at a concentration 500-fold to 1,000-fold lower than the reported dissociation constant of Gag dimerization (14) .
FCS measurements of Gag(A488) incubated with excess unlabeled Gag and polyA 25 DNA indicated that the protein diffused more slowly and more heterogeneously. The autocorrelation curve was fitted to a continuous distribution of diffusion times using the maximum entropy method (25, 26) to rigorously account for the observed particle heterogeneity. This fitting indicated a distribution with a mean diffusion time of 3.81 ms, and a hydrodynamic radius of 20.9 nm, in approximate agreement with electron micrographs (Table 1 and Fig. 1C to E) . Particles formed in the additional presence of IP6 yielded a distribution of diffusion times with a mean of 21 ms, and a hydrodynamic radius of 119.8 nm, which is again in approximate agreement with the electron micrographs ( Table 1 and Fig. 1C to E) . For comparison, maximum-entropy fitting of the monomeric Gag autocorrelation curve yielded a mean diffusion time of 1.39 ms and a hydrodynamic radius of 7.6 nm. FCS thus provides a means by which to assay the in vitro formation of VLPs.
Conformational equilibrium of monomeric Gag. In order to probe the conformation of single HIV-1 Gag molecules using confocal smFRET, we generated Gag labeled at the N terminus with the donor fluorophore Alexa 488 and at the C terminus with the acceptor Alexa 594 Gag(A488/A594) ( Fig. 2A, left panel) . FRET data were acquired at 50 pM Gag(A488/A594), a concentration 200-fold lower than had been used for the FCS measurements, which had indicated a monomeric species. At these concentrations, each detected burst of photons corresponds to a single labeled Gag molecule freely diffusing through the observation volume. Energy transfer efficiency values calculated from each burst reflect the conformation of Gag(A488/A594) averaged over the typical duration of a transit (ϳ1 ms). The data show two dominant FRET states, consistent with single Gag molecules adopting two distinct conformations (Fig. 2B, left panel) . Bulk fluorescence anisotropy measurements indicated that the different FRET states reflect Gag conformations and not artifacts due to loss of dye motility when bound to Gag (data not shown). The more abundant high-FRET state (Ͼ0.9 FRET) is consistent with the N and C termini being proximal, as predicted for a compact, U-shaped conformation of Gag ( Fig. 2A, left panel) . The lower FRET value of ϳ0 is consistent with an extended Gag conformation in which the termini are predicted to be as much as 20 nm apart. However, the presence of a 0 FRET peak is a well-known artifact in smFRET measurements of diffusing molecules, arising from molecules labeled with only an active donor fluorophore. Based on the relative levels of absorbance of the labeled protein at 280 nm, 495 nm, and 590 nm, we estimated that 50% of the donor-labeled Gag molecules lacked an acceptor. Thus, this population of Gag molecules cannot entirely account for the 0-FRET peak, and we attribute the remaining events to Gag molecules with an extended conformation. The clear separation between the high-and low-FRET states and the minimal observation of intermediate FRET values in the 0.2 to 0.7 range suggest that the frequency of transition between the two conformations is low and that the time spent transitioning is short with respect to the dwell time in the detection volume. Thus, monomeric Gag prefers a stable compact conformation in solution, although conformations in which the termini are relatively distal remain accessible. Structural studies indicate an unstructured linker between the MA and CA domains of Gag (30) . We thus sought to test if this linker could form a hinge about which MA might rotate, bringing it closer to the N-terminal domain of CA and resulting in a more compact Gag conformation. Such a model was suggested by SANS data (13) and would be consistent with NMR data indicating that MA and CA tumble independently (30) . To this end, we moved the A1 peptide from the N terminus to the linker between MA and CA, nine residues N terminal to the viral protease cleavage site (Fig. 1A) . The resulting FRET signal indicated an ϳ0-FRET peak and a broad distribution extending beyond 0.5 FRET (Fig. 2B,  right panel) . Importantly, the absence of high FRET indicates that the N terminus of CA cannot come within close proximity to the C terminus of Gag; the labeling positions remain distal to one another even in the compact Gag conformation. These data are, as predicted, consistent with a model in which the linker acts as a hinge about which the MA domain can rotate to a position near CA. The intermediate-FRET values are consistent with additional flexibility in Gag beyond that provided by the linker, which can bring the N terminus of CA closer to the C terminus of Gag.
To test if the conformational equilibrium of Gag was influenced by the increased Gag concentration, which has been shown to promote dimerization, FRET data were acquired on Gag(A488/ A594) (50 pM) in the additional presence of 2 M wild-type unlabeled Gag (14) . We observed an approximately 20% increase in the occupancy of the high-FRET compact conformation (Ͼ0.7 FRET; Fig. 2C, left panel) . For the Gag construct with Alexa 488 placed between MA and CA [Gag(MA-A488/A594)], we observed a notable loss in intermediate-FRET configurations (0.2 to 0.7 FRET) in the presence of excess unlabeled Gag (Fig. 2C , right panel). Both observations are consistent with increasing Gag-Gag interactions at higher protein concentrations that stabilize the compact conformation and limit the flexibility of the protein. Alternatively, we cannot rule out the possibility that the conformational landscape observed for dually labeled Gag in the absence of unlabeled Gag may reflect effects of the labeling peptides on Gag conformation which are mitigated in the presence of excess wildtype Gag.
Conformational state of single Gag molecules in VLPs. We next sought to identify the conformation of single Gag molecules within assembled HIV-1 VLPs. Terminally labeled Gag(A488/ A594) (50 pM) was incubated with excess wild-type Gag (2 M) and polyA 25 DNA in the absence or presence of IP6. Given that up to ϳ5,000 Gag molecules will assemble into an immature particle, a 40,000-fold excess of unlabeled wild-type Gag will guarantee that, on average, only one labeled Gag molecule will be incorporated into an assembling particle. In the absence of IP6, particles were formed in which a large proportion of Gag was found in a high-FRET state, indicative of a compact conformation (Fig. 3A and B, left panels). Electron micrographs acquired in parallel indicated the formation of spherical particles with a diameter of approximately 30 nm (Fig. 1C and 3B ). In the presence of IP6, particles were formed in which the high-FRET configuration was entirely lost (Fig. 3C, left panel) . This indicated that Gag had efficiently adopted the extended conformation, as well as validating our interpretation of the 0-FRET peak as corresponding to an extended Gag conformation. Here again, electron micrographs confirmed that full-sized, approximately 100-nm-diameter VLPs had been formed (Fig. 1C and 3C ). In the absence of polyA 25 DNA, but in the presence of IP6, no particles were formed, and no effect on the conformation of Gag was seen compared to the presence of Gag alone (data not shown). Parallel data acquired on Gag with a fluorophore between MA and CA indicated low FRET in both the presence and absence of IP6, again consistent with the linker region between MA and CA functioning as a hinge about which MA rotates (Fig. 3, right panels) . Thus, Gag is conformationally dynamic and can assemble in the presence of nucleic acid into spherical particles in either the compact or extended conformation. However, interaction with IP6 and nucleic acid is required for formation of full-sized VLPs in which Gag adopts the extended conformation.
Gag adopts the extended conformation early in the assembly reaction. We next asked when Gag undergoes the transition from the compact to the extended conformation during VLP assembly. To address this issue, we performed smFRET measurements to report on Gag conformation, in parallel with FCS measurements to assess the size of the Gag complexes, during assembly of VLPs. Either dually labeled Gag(A488/A594) (50 pM) or Gag(A488) (10 nM) was incubated with 2 M unlabeled Gag and IP6, and the assembly reaction was started by addition of polyA 25 DNA. As shown in Fig. 4 , the fluorescence profile from an FCS measurement indicated the steady growth of large bright Gag multimers as observation of the high-FRET compact Gag conformation decreased. The compact conformation was nearly undetectable after 15 min, suggesting that the Gag conformational change occurs early in the assembly reaction. In order to use FCS to assay the size of the Gag multimers formed when Gag transitions to the extended conformation during VLP assembly, we stabilized the intermediate Gag multimers by cross-linking. VLP assembly reactions were halted at 5-min intervals through cross-linking with ethylene glycol bis(succinimidylsuccinate) (EGS) followed by immediate freezing on liquid nitrogen. The cross-linked samples were thawed immediately prior to parallel FRET and FCS measurements. The FRET histograms indicated a loss of the high-FRET compact Gag conformation within 15 min (Fig. 5, left panels) . The corresponding FCS data showed no further growth of particles, indicating that the cross-linking halted the VLP assembly process. Fitting the FCS data by the maximum entropy method indicated that after 5 min, the fixed Gag had diffusive properties indistinguishable from that of the monomeric Gag shown in Fig. 1 , with a diffusion time of 1.07 ms and a hydrodynamic radius of 5.9 nm. After 10 min, the diffusion time had increased to 1.16 ms, indicating a hydrodynamic radius of 6.4 nm. And after 15 min, when high FRET was nearly undetectable, the diffusion time was 1.30 ms and the hydrodynamic radius was 7.1 nm. No further VLP assembly of the cross-linked samples could be detected during acquisition of the FCS data, indicating that the cross-linking had halted the assembly reaction.
The molecular weight of the diffusing species is approximately proportional to the cube of the hydrodynamic radius (MW ϭ ϳR H 3 ) (31). We therefore expected that dimeric Gag would diffuse with a hydrodynamic radius on the order of 7.2 nm. The FCS data presented here indicate that the Gag assemblies are on average dimeric after 15 min (MW 15 3 Ϸ 1.7). Thus, the transition from the compact to the extended Gag conformation occurs early in the VLP assembly pathway, perhaps as early as upon dimerization.
DISCUSSION
We have established smFRET methods that allowed us to directly measure the conformational state of single Gag molecules prior to and during in vitro assembly into VLPs. In agreement with previous results, we find that monomeric Gag prefers a compact conformation in which the termini are proximal (13, 19) . In addition, we document the ability of Gag in distinct conformations to form particles of different morphologies. In the compact conformation, in the presence of polyA 25 DNA, Gag forms spherical particles of a diameter of approximately 30 nm. In the extended conformation, Gag forms spherical VLPs of approximately 100-nm diameter. The adoption of the extended conformation required the presence of IP6 in addition to that of nucleic acid.
We have established single-molecule fluorescence assays that allow us to monitor the conformation of individual Gag molecules during assembly into VLPs. To what extent these in vitro studies apply to assembly in living cells is unknown and depends on the future implementation of single-molecule methods in living cells. The existence of the conformational transition of Gag from the compact to the extended conformation in vitro indicates that it must be tightly regulated in vivo since only the large-diameter VLPs have been reported in cells. Assembly may begin with interactions between Gag and nucleic acid in the cytoplasm, an environment where the Gag concentration is likely low compared to in vitro VLP assembly conditions. Interaction with nucleic acid causes an effective local increase in Gag concentration, which stabilizes the compact conformation. Efficient targeting of the Gagnucleic acid complex to the plasma membrane must then occur in order to prevent the 30-nm-diameter particles from forming. Indeed, Gag binding to nucleic acid promotes targeting of Gag to the plasma membrane (32) . Once genome-bound Gag forms interactions with phosphoinositides in the plasma membrane, and with other Gag proteins, the extended conformation would be stabilized and full-sized immature virions are formed (33, 34) . If Gag were to remain in the cytoplasm following interaction with nucleic acid, one would expect 30-nm-diameter particles to accumulate. This is consistent with a report that high-order Gag multimers are predominantly found at the plasma membrane and that the vast majority of Gag in the cytoplasm is monomeric or dimeric (35) . Only under conditions of overexpression of Gag containing the G2A mutation at the myristoylation site have full-sized VLPs been found in the cytoplasm; still, no 30-nm-diameter particles were observed (36) . This may indicate that, at high expression levels, either an alternative ligand or cytoplasmic membranes can also favor the extended conformation of Gag in the cytoplasm; such small particles might also be difficult to detect in thin sections of the cytoplasm.
We have also shown that the transition from the compact to the extended conformation occurs early in the assembly process of VLPs, perhaps as early as upon dimerization. Thus, the adoption of an extended Gag conformation requires interaction with nucleic acid and IP6 and is stabilized by at least one other Gag molecule (19) . This is in agreement with previous observations using neutron reflectivity measurements that Gag bound to small nucleic acids (ϳ7 nucleotides) and that membranes can adopt the extended conformation, although assembly of the immobilized Gag molecules does not occur (19) . In the absence of any one of these factors, the compact conformation dominates. This would suggest that the monomeric and dimeric Gag species that are found in the cytoplasm during viral assembly would be in the compact conformation (35) . Only upon interaction of Gag with its genome and phosphoinositides at the plasma membrane, combined with local enrichment in lipid microdomains, would transition to the extended conformation occur and permit the assembly of the immature Gag lattice. Future determination of Gag conformation in living cells will be required to verify this model.
